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Abstract
Nutrient conditions off central California during the 1997–98 El Nin˜o are described. Data were collected on 11
cruises from March 1997 to January 1999 along a hydrographic section off central California, as well as every two weeks
at a coastal station in Monterey Bay. Perturbations associated with El Nin˜o are shown as anomalies of thermohaline and
nutrient distributions along this section. The anomalies were obtained by subtracting seasonal averages for the period
from April 1988 to April 1991 from the 1997–98 observations. The first indications of El Nin˜o conditions (high sea
levels) were observed at Monterey between late May and early June 1997, but the coastal nutricline did not begin to
deepen until August 1997. It reached maximum depth of 130 dbar in January 1998 at the time that maximum sea level
anomalies were observed. During this period: (1) the highest subsurface temperature anomalies coincided with subsur-
face nutrient anomaly minima at the depth of the pycnocline; (2) southern saline and nutrient-poor waters occupied
the upper 80 dbar of the water column along the entire section; and (3) nitrate levels were close to zero in the euphotic
zone, collapsing the potential new primary production in the coastal domain. At the end of February 1998, the nutricline
shoaled to 40 dbar at the coast although it remained anomalously deep offshore. Higher temperatures and lower nutrient
levels were observed for the entire section through August 1998 although in contrast with the previous winter, there
was a strong freshening mainly due to an onshore movement of subarctic waters.  2002 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
The 1997–98 El Nin˜o was the best observed ‘El Nin˜o’ event along the West Coast of North America
due to a series of regional oceanographic programs ranging from Baja California to British Columbia. As
in the Eastern Equatorial Pacific, a decrease in primary production of the coastal upwelling system off
California has been observed during previous El Nin˜o events (Lenarz, VenTresca, Graham, Schwing, &
Chavez, 1995; Chavez, 1996). This reduction was associated with a deepening of the nutricline. If the
nutricline is below the Ekman or upwelling depth, then even when winds are upwelling favorable, the
water brought to the surface will be substantially lower in nutrients relative to shallow nutricline conditions.
The nutrient input to the euphotic zone is often referred to as potential new primary production and is the
production available for export and biomass accumulation, including the living resources. Other papers in
this issue describe hydrographic variability in the ocean along the California coast associated with the
1997–98 El Nin˜o conditions and the relationship of this variability to physical forcing mechanisms
(Schwing, Murphee, deWitt, & Green, 2002; Strub & James, 2002; Durazo & Baumgartner, 2002; Lynn &
Bograd, 2002; Collins, Castro, Asanuma, Rago, Sang-Kyu, Durazo et al., 2002; Huyer, Smith, & Fleischb-
ein, 2002; Whitney & Welch, 2002). This paper describes the effects of the 1997–98 El Nin˜o on nutrients
off Monterey, CA. The data were collected during 11 cruises which occupied CalCOFI line 67 (Fig. 1)
from March 1997 through January 1999. Higher frequency time series measurements at an inshore station
are also used. The questions that will be addressed are (1) how did the 1997–98 El Nin˜o perturb the inshore
and offshore thermohaline and chemical fields off central California, and (2) how did El Nin˜o impact the
supply of nutrients and the potential new primary production? Hydrographic conditions during the 1997–
8 El Nin˜o event are compared with normal conditions along CalCOFI line 67. The temporal variability of
the source water nutrients and their potential supply to the euphotic zone in the coastal domain will also
be described.
2. Material and methods
Three sets of hydrographic data were used in this study. Measurement accuracy (precision) for tempera-
ture, salinity, and pressure was 0.001 °C (0.0002 °C), S=0.003 (0.003) and 0.9 (0.06) dbar, respectively.
The precision at full scale of the analytical method used for nutrient analysis was 0.12% for nitrate, 0.60%
for phosphate, 0.10% for silicate (Sakamoto, Friederich, & Codispoti, 1990) and the reported accuracy at
full scale was 1% for nitrate, 1–2% for phosphate and 1–3% for silicate (Joyce, 1991).
The first set of hydrographic data was collected on 19 cruises between April 1988 and April 1991. These
cruises are used to define ‘normal’ conditions. They sampled along CalCOFI line 67 to a distance of 240
km from shore (station 67–80) (Fig. 1). Stations were separated by 20 nautical mile intervals except close
173C.G. Castro et al. / Progress in Oceanography 54 (2002) 171–184
Fig. 1. Map showing the location of the stations (circles) surveyed during cruises along CalCOFI line 67 from March 1997 to
January 1999. The location of the Monterey tide gauge (+), the position at which Ekman transports were estimated (), and the
location of station M1 are also shown. Isobaths correspond to 200, 1000, 2000, 3000 and 4000 m.
to the coast, where the stations were more closely spaced. Hydrographic sampling methods for these cruises
have been described by Tisch, Ramp, and Collins (1992); Rago, Locke, and Collins (1997) and Collins,
Garfield, Rago, Rischmiller, and Carter (2000).
The second set of hydrographic data was collected from March 1997 to January 1999 and is used to
describe the evolution of El Nin˜o conditions (Table 1). During this period, CalCOFI line 67 was occupied
11 times to a distance of 317 km from shore (station 67–90) (Fig. 1). SeaBird 911 PlusTM CTDs were
used for hydrographic sampling on these cruises. Nutrient samples were collected and frozen aboard ship
and subsequently analyzed in a shore laboratory for nitrate, phosphate and silicate using an Alpkem autoana-
lyzer (Sakamoto et al., 1990). On some of these cruises, currents were measured using vessel mounted
acoustic Doppler current profilers (ADCP). ADCP data collection and processing procedures were described
by Asanuma, Rago, Collins, Chavez, and Castro (1999). The accuracy (precision) of the ADCP data was
1 cm s1 (0.5 cm s1).
The third hydrographic data set is a time series of bimonthly hydrographic casts at station M1 in Monterey
Bay (Fig. 1). These observations began in mid-1989 aboard R/V Point Lobos on single day cruises. A
detailed description of data collection and processing methods for the day cruises was given by Pennington
and Chavez (2000).
Other data used in this study include sea level observations and an upwelling index. Sea level obser-
vations have been made by the National Ocean Service (NOS) at Monterey Harbor since 1974 (Fig. 1).
Monthly means and hourly observations were used. The datum for the sea level observations was mean
lower low water. Hourly observations were smoothed with a low pass filter, which had a half power point
at two weeks.
Geostrophically-derived Ekman transports for the period 1967 to 1999 were calculated by the Pacific
Environmental Fisheries Laboratory (PFEL) for 36° N, 122° W (this position is indicated by a star in
Fig. 1) (http://www.pfeg.noaa.gov/products/PFEL). These transports were derived from six-hourly charts
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Table 1
Dates of cruises along CalCOFI line 67 for three-month seasons following Pennington and Chavez (2000)
Month Cruise date Research vessel
January 97
February 97
March 97 6–7 March Western Flyer
April 97
May 97
June 97 2–5 June Point Sur
July 97 26–28 July Point Sur
August 97




January 98 21–24 January Point Sur
February 98
March 98 21–23 March New Horizon
April 98 14–17 April NOAA Ship McArthur
May 98 9–12 May New Horizon
June 98
July 98
August 98 22–25 August New Horizon
September 98
October 98
November 98 6–9 November New Horizon
December 98
January 99 14–16 January Point Sur
of surface barometric pressure with a 3° resolution, which have been interpolated to a 1° grid. Details
regarding the theory and methods used for these transport estimates is given by Schwing, O’Farreu, Steger,
and Baltz (1996).
3. Results
3.1. Spatio-temporal variability during El Nin˜o 1997–8 off central California
Figs. 2–5 show the evolution of El Nin˜o conditions using a seasonal chronology defined by Pennington
and Chavez (2000): (1) February–April; (2) May–July; (3) August–October; and (4) November–January.
Temperature and salinity sections to 1000 dbar are shown in Figs. 2 and 3, respectively. Nutrient samples
to 1000 dbar were not collected for all cruises so nitrate (Fig. 4) and silicate (Fig. 5) sections extend only
to 200 dbar. Note that for May–July 1997, February–April 1998, and November 1998–January 1999, two
sections were averaged (Table 1). In the upper panels of Figs. 2–5, seasonal averages for 1988–91 are
shown. Finally, the lower two panels show the anomaly distributions for each season of 1997–8, obtained
by subtracting the 1988–91 seasonal average from the corresponding panel of 1997 and 1998.
3.1.1. February 1997–April 1997
This period was characterized by an offshore deepening of the thermocline caused by an acceleration
of equatorward flow in the California Current (Collins et al., 2002). In the upper ocean, isolines slope
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Fig. 2. Vertical distributions of temperature for three-month seasons from the surface to 1000 dbar. The upper panel shows seasonal
mean conditions observed from April 1988 to April 1991. The second and third panels show results from measurements made during
1997 and 1998, respectively. The lower two panels show anomalies for 1997 and 1998, respectively, which were computed by
subtracting the seasonal means in the upper panel from observed conditions. Units are °C and the contour interval for the upper three
panels is 1 °C. For the lower two panels, the contour interval is 1 °C although ±0.5 °C isotherms are also contoured. The upper 200
dbar have been expanded five times. Poleward velocities 5 cm s–1 are overlaid in red in the lower two panels.
upwards from the offshore edge of the section to the coast and nearshore conditions were indicative of
coastal upwelling. Geostrophic (and observed) winds during this cruise resulted in offshore Ekman transport
(Fig. 6a). Because isopleths were more steeply inclined than during these months in 1988–91, negative
temperature anomalies (T0.5 °C), positive salinity (S0.2), nitrate and silicate anomalies ( 6 µmol
kg1) were observed at sea surface and within 100 km of the coast.
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Fig. 3. Vertical distributions of salinity for three-month seasons from the surface to 1000 dbar. The upper panel shows seasonal
mean conditions observed from April 1988 to April 1991. The second and third panels show results from measurements made during
1997 and 1998, respectively. The lower two panels show anomalies for 1997 and 1998, respectively, which were computed by
subtracting the seasonal means in the upper panel from observed conditions. The contour interval for the upper three panels is 0.2
and for the lower two panels is 0.1. The upper 200 dbar have been expanded five times. Poleward velocities 5 cm s1 are overlaid
in red in the lower two panels.
3.1.2. May 1997–July 1997
Upwelling-favorable winds prevailed during both cruises (Fig. 6a) but isotherms were level near the
coast and upper ocean waters were strongly stratified (Fig. 2). In the upper 100 dbar, waters were warmer
(T1.0 °C) than mean conditions observed during this season in 1988–91 with maximum warming at
the sea surface (Fig. 2). Salinity and nutrient anomalies (Figs. 3–5) were characterized by zonal bands, with
positive (negative) salinity anomalies associated with positive (negative) nutrient anomalies. The pattern of
these properties strongly resembled currents observed on these cruises (Asanuma et al., 1999) with bands
of poleward (equatorward) flow greater than 5 cm s1 corresponding to positive (negative) salinity and
nutrient anomalies (Figs. 3–5). The most striking feature at deeper levels was the presence of a warm
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Fig. 4. Vertical distributions of nitrate for three-month seasons from the surface to 200 dbar. The upper panel shows seasonal
conditions observed from April 1988 to April 1991. The second and third panels show results from measurements made during 1997
and 1998, respectively. The lower two panels show anomalies for 1997 and 1998, respectively, which were computed by subtracting
the seasonal means in the upper panel from observed conditions. Units are in µmol kg1. In the upper three panels, 1, 2, and 4 µmol
kg1 are contoured and for nitrate levels greater than 4 µmol kg1, the contour interval is 4 µmol kg1. In the lower two panels,
the contour interval is 2 µmol kg1. Poleward velocities 5 cm s1 are overlaid in red in the lower two panels.
temperature anomaly (T1.0 °C) below 500 dbar and within 100 km of the coast. This deep warm
anomaly coincided with positive salinity anomalies and poleward flow.
3.1.3. August 1997–October 1997
The upwelling region during this season in 1997 was confined to within 30 km from the coast in contrast
to conditions during 1988–91 when the upwelling front was located 100 km offshore (Fig. 2). Temperature
anomalies were positive in the upper 50 dbar of the water column, with maximum anomalies just offshore
of the upwelling front (T4 °C). This intense warming was associated with a strong shallow
thermocline/nutricline between 60 and 300 km from the coast. The salinity anomalies were zonal, with a
region of negative salinity anomaly from the coast to about 100 km and a region of positive salinity
anomaly between 100 and 200 km from the coast. The distribution of nutrient anomalies (Figs. 4 and 5)
mirrored the salinity anomalies, with positive (negative) nutrient anomaly associated with positive
(negative) salinity anomaly.
3.1.4. November 1997–January 1998
The water column structure clearly changed during this season (Figs. 2 and 3) with isotherms tilted
downward toward the coast (Fig. 2). The upper 80 dbar of the water column along the entire section had
temperatures greater than 14 °C. Close to the coast, the 14 °C isotherm was even deeper, reaching 100
dbar at the most inshore station. Salinity values were also higher than normal in the upper 80 dbar, except
at the offshore end of the transect (station 67–90). Nutrient distributions closely followed the temperature
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Fig. 5. Vertical distributions of silicate for three-month seasons from the surface to 200 dbar. The upper panel shows seasonal mean
conditions observed from April 1988 to April 1991. The second and third panels show results from measurements made during 1997
and 1998, respectively. The lower two panels show anomalies for 1997 and 1998, respectively, which were computed by subtracting
the seasonal means in the upper panel from observed conditions. Units are in µmol kg1. In the upper three panels, 1, 5, and 10
µmol kg1 are contoured and for silicate levels greater than 10 µmol kg1, the contour interval is 10 µmol kg1. In the lower two
panels, the contour interval is 2 µmol kg1. Poleward velocities 5 cm s1 are overlaid in red in the last two panels.
distribution with isolines tilting downward toward the coast. Nitrate and silicate concentrations were lower
than 1 and 5 µmol kg1, respectively, along the entire section in the upper 60 dbar. Temperature anomalies
indicated a general warming of the water column, with T1 °C as deep as 400 dbar within 180 km from
the coast. Maximum temperature anomalies (T4 °C) were observed at about 80 dbar. High positive
salinity anomalies (S0.1) were observed in the upper 80 dbar of the water column. However, salinity
anomalies less than 0.1 were observed at greater depths (~150 dbar). In the upper 200 dbar, nutrient
concentrations were lower than normal along the entire section. Highest negative nutrient anomalies were
associated with the maximum subsurface temperature anomalies and located at the depth of the thermocline.
3.1.5. February 1998–April 1998
In contrast to the previous season, isotherms shoaled towards the coast in the inner 50 km (Fig. 2), in
association with upwelling prevailing winds observed during the two cruises (Fig. 6a). The water column
remained warmer than normal, with a subsurface temperature anomaly exceeding 2 °C. However, subsur-
face temperature anomalies (T1 °C) did not reach deeper than 200 dbar. Freshening of the waters in
the upper 200 dbar of the water column (Fig. 3) occurred. The extremely low salinities observed at the
sea surface nearly 100 km offshore (31.30 at station 67–60) were associated with a high outflow of the
Sacramento River, although local rivers may also contribute to this surface fresh water plume (Collins et
al., 2002; Friederich, Walz, Burczynski, & Chavez, 2002; Chavez, Penningon, Catro, Ryan, Michisaki,
Schilining et al., 2002). The salinity anomaly showed freshening (S0.1) at all depths within 200 km
from the coast. Nutrient concentrations remained low (1 µmol kg1 and 5 µmol kg1 for nitrate and
silicate respectively; Figs. 4 and 5) in the upper 60 dbar between 50 and 320 km from the coast. Nutrient
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Fig. 6. Time series. (a) Onshore component of Ekman transport at 36°N, 122°W (solid line; see Fig. 1 for station location), m3 s-
1 (100m)-1. Dashed lines indicate the 1967–1999 average and ± one standard deviation. Vertical lines indicate when the hydrographic
section was sampled. (b) Adjusted sea level at the Monterey tide gauge (see Fig. 1 the location of the tide gauge), m. Dashed line
corresponds to the monthly average sea level for the 1974–2000. (c) Nitrate concentration at 60 m depth at coastal station M1 (open
circles) superimposed on the monthly average, 1989–2000 (solid line), µmol·kg-1. (d) Nutricline pressure (10 µmol-NO3 kg-1 isopleth)
at station M1 (open circles) superimposed on the monthly average, 1989–2000 (solid line), dbars.
anomalies were similar to the previous period, with strongest negative anomalies occurring between 60
and 100 dbar, about 150 km from the coast. During April 1998, the strongest negative nutrient anomalies
(18 µmol kg1 for nitrate and silicate) for the 1997–8 El Nin˜o event were reached, between 100 and
200 km from the coast at about 60 dbar.
3.1.6. May–October 1998
The vertical distributions of properties and their anomalies were similar to those for February–April
1998, albeit with the intensity of the anomalies decreasing with time. Temperature anomalies were still
positive in the upper 200 dbar with a subsurface maximum as high as 2 °C in May 1998, decreasing to
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1 °C in August 1998 (Fig. 2). Salinities lower than 33.0, indicative of California Current waters, occupied
the first 40 dbar along the entire section during May 1998 (Fig. 3). However, there was an offshore displace-
ment of these waters in August 1998 (Figs. 3–5) associated with the reestablishment of poleward coastal
flow (Asanuma et al., 1999). For both seasons in this time period, low nutrient concentrations (1 µmol
kg1 and 5 µmol kg1 for nitrate and silicate, respectively) were associated with fresh water (S33.20).
3.1.7. November 1998–January 1999
During this season, the water column structure changed completely, resembling the situation during
March 1997. Isotherms and isohalines sharply shoaled shoreward (Figs. 2 and 3) and winds were strongly
upwelling favorable (Fig. 6a). Surface nutrient levels remained low offshore, about 180 km from the coast.
Within 100 km from the coast, negative temperature with positive salinity and nutrient anomalies were
observed, indicative of coastal upwelling.
3.2. Temporal and spatial variability of nutricline depth
Biweekly sampling at coastal station M1 (see Fig. 1 for location) provided better temporal resolution
of the impact of El Nin˜o conditions on nutrients and consequently on the potential primary production in
Monterey Bay. At M1, the depth of the euphotic zone is about 40 m and the Ekman layer depth is between
20 and 30 m. So waters at 60 m are not affected by phytoplankton consumption and are considered as the
source of upwelled water.
From March to July 1997, nitrate levels at 60 m depth were higher than the 1989–2000 monthly average
(Fig. 6c). They began to decrease in August 1997 and were close to zero during winter 1997–8. At the
end of February 1998, there was rapid recovery and nitrate levels were only slightly lower than average
between March and October 1998. The decrease of nitrate levels at 60 m depth occurred as sea level
increased and the nutricline deepened (10 µmol kg1 isopleth was used as a proxy of nutricline depth)
(Figs. 6b, d) during September 1997–January 1998. The nutricline reached a maximum depth of 130 m in
December 1997. Note that at this time the Ekman transport changed from extremely negative values to
extremely positive ones (Fig. 6a). Beginning in February 1998, the nutricline shoaled quickly as sea
level dropped.
Offshore, the temporal variability of the nutricline behaved somewhat differently (Fig. 7). From March
to July 1997, the nutricline was at a depth of about 90 m at 250 km from shore, and shoaled upward
toward the coast. In September 1997, it was about 60 m deep between 60 and 250 km offshore, because
of the warm, nutrient-depleted water in this region. The strong deepening of the nutricline observed at M1
Fig. 7. Variability of nutricline pressure (10 µmol-NO3 kg1 isopleth), along CalCOFI line 67, dbars. (a) 1997–8. (b) Monthly
variability based upon observations from April 1988 to April 1991. (c) Anomalies (the difference between (a) and (b)). The contour
interval is 20 dbar.
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in late 1997, extended as far as 180 km offshore during January 1998. Subsequently, the nutricline shoaled
close to the coast but was about 60 m deeper than normal in the offshore domain (~150 km offshore)
during spring 1998.
4. Discussion
The vertical distribution of oceanographic seasonal anomalies along CalCOFI line 67 and the hydro-
graphic coastal time series at station M1 show that the 1997–8 El Nin˜o developed in a series of steps that
affected both the coastal and oceanic domains off central California. Nutrient distributions were strongly
affected by the physical environment, principally the deepening of the thermocline and horizontal advection
of low-nutrient waters. In the following paragraphs we describe three distinct phases, beginning with mid
1997 with thermocline and nutricline anomalies. This was followed by increased presence of warm salty
waters from the south that slowly increased coastal sea level and deepened the thermocline to their
maximum levels in late 1997–early 1998. Finally, during the final phase of El Nin˜o the California Current
moved onshore bringing with it low nutrient waters. This last phase was reminiscent of the descriptions
by Simpson (1983, 1984a, 1992) for the 1982–3 El Nin˜o. It is not clear if monitoring programs during
that event missed the earlier phases we observed during 1997–8 or if the timing of when the first anomalies
were felt was different.
According to Ryan and Noble (2002) the first imprint of El Nin˜o off central California occurred in late
May–early June. This is supported by hydrographic measurements (Collins et al., 2002; Chavez et al.,
2002). A peak in adjusted sea level at San Francisco was associated by Ryan and Noble (2002) with the
northward propagation of a coastally trapped Kelvin wave from the Eastern Equatorial Pacific. A similar
peak was observed at the Monterey harbour (Fig. 6b) during this period, however, it only had minor effects
at the coastal station M1. The nutricline depth did not differ from the average (Fig. 6d) and nitrate levels
at 60 m depth were close to average (Fig. 6c). Along CalCOFI line 67 the area of high nutrients was
confined closer to the coast than during normal conditions. Subsequently, sea level rose in a series of steps
through January 1998. By September 1997 the thermocline and nutricline were flat along the entire section,
whereas during normal times upwelling would result in the isotherms becoming strongly tilted upwards
towards the coast and deeper offshore. Consequently, the distributions of the anomalies of nutrients and
salinity (Figs. 2–4) are negative inshore but positive offshore, as the thermocline was deeper (shallower)
than normal at the coastal (offshore) stations. The time series of nutricline depth at the coastal station M1
showed this deepening which began at the end of July 1997. Nutricline depth at M1 was significantly
correlated with sea level at the Monterey harbour (r=0.79). Warmer temperatures were observed at M1
from the end of July 1997 to August 1998, with maximum values in August 1997 and between November
and December 1997 (Chavez et al., 2002; Friederich et al., 2002). The anomalously deep coastal thermoc-
line, reduced the concentration of nutrients in the upwelled waters and consequently reduced the potential
primary production of coastal waters. Nutrient supply was estimated by multiplying the onshore Ekman
transport (Fig. 6a) by the nutrient concentration at 60 m (Fig. 6c) and by the length of the internal Rossby
radius (Ri=32 km; Chavez, 1996). During September 1997 nutrient supplies declined by 50% for nitrate
and 47% for silicate, and this agrees well with the chlorophyll reduction of 50% reported by Chavez et
al. (2002).
The highest sea level anomalies at Monterey Harbour were observed between October 1997 and February
1998, associated with the northward propagation of a second coastally trapped Kelvin wave from the
Eastern Equatorial Pacific (Strub & James, 2002; Ryan & Noble, 2002). In contrast to May– June 1997,
there was an intense deepening of the thermocline at M1 and over a large portion of our CalCOFI line 67
section. Nutrients were lower than normal along the entire section with maximum subsurface anomalies
at the depth of the thermocline. This deepening of the thermocline/nutricline was an important contributor
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to the generally lower nutrient levels, but the lowering was also augmented by the advection of low-nutrient
waters from the south. The salinity anomaly confirms the presence of saltier water, completely depleted
of nitrate and with lower silicate levels. This advection of saltier water from the south kept the California
Current, characterized by salinities lower than 33.20, offshore (Fig. 3). The situation is similar to that
reported off Southern California during the same period (Lynn, Baumgartner, Collins, Garcia, Hayword,
Hyronbach et al., 1998). These authors described an intensification of the California Countercurrent, trans-
porting warm and saline water northward and a displacement of the core of the California Current farther
offshore. Along CalCOFI line 67, alongshore currents were equatorward between 50 and 100 km, shifting
to poleward between 100 and 250 km from shore, where the positive salinity anomalies were observed
(Figs. 3–5). These effects combined to reduce nutrient supply to close to zero.
Lower nutrient concentrations for the entire section, with subsurface mimima associated with temperature
anomaly maxima persisted until the August 1998. However, in contrast with the previous period, there
was a dramatic freshening along the entire section. Very low salinity values near the sea surface during
March–April 1998 were probably related to runoff from San Francisco Bay (Asanuma et al., 1999; Collins
et al., 2002; Friederich et al., 2002). The subsurface salinity freshening was, however, related to an onshore
shift of the California Current (Collins et al., 2002), observed also in the Southern California Bight (Lynn
et al., 1998). A strong nutrient anomaly minimum developed between 60 and 250 km from shore caused
by the deepening of the thermocline. This deepening was associated with the westward propagation of a
Rossby wave and with the anomalous onshore shift of the California Current (Collins et al., 2002). ADCP
velocities for May 1998 (Fig. 8) clearly show a region of strong equatorward and onshore currents, expected
from the westward propagation of a Rossby wave and the onshore shift in the California Current. Conditions
during the spring 1998 were very similar to those reported for the 1982–3 and 1991–2 El Nin˜o events
(Simpson, 1983, 1984a, 1984b, 1992; Huyer & Smith, 1985; Rienecker & Mooers, 1986; Chavez, 1996;
Ramp, McClean, Collins, Semtner, & Hays, 1997). The striking difference was a rise of the thermocline
in the nearshore (Fig. 6d). In spite of this shoaling, nutrient anomalies were still negative close to shore.
These anomalously fresher waters were characterized by low nutrient concentrations (1 and 5 µmol kg1
for nitrate and silicate, respectively). As a consequence the largest negative nutrient anomalies for the
1997–8 El Nin˜o were reached at this time, even though the highest temperature anomalies were found
during November–December 1997. These lower nutrient levels caused the strongest negative anomalies of
primary production (~100% of reduction; Chavez et al., 2002).
The anomalously low nutrients and primary production observed during the first half of 1998, when the
coastal thermocline was shallow and upwelling favorable winds were normal, have not been fully explained.
Future observations during strong El Nin˜os may resolve the cause of these conditions.
Fig. 8. Vertical distribution from 20 to 200 m of (a) onshore and (b) alongshore velocities for May 1998, cm s1. Positive values
are onshore and poleward flow. Contour interval is 5 cm s1.
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